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ABSTRACT
A new procedure for obtaining the Chemical Spread
Function of an emulsion-developer combination is discussed.
This procedure consists of directly measuring the Optical
Modulation Transfer Function (MTF ) by scanning the
sinusoidal object irradiance distribution through the non-
developed emulsion using a microdensitometer. The
Modulation Transfer Function (MTF) of the processed emulsion
is determined in the conventional manner. Then the Chemical
Modulation Transfer Function (MTF ) is determined from the
linear relationship: MTF = MTF X MTF . Once the MTF is
determined then the Spread Function is calculated using the
Fourier Transform operator. Photographic systems are in
general non-linear. However it is well known that for
moderate input modulation and relatively small gamma the
photographic material acts linearly.
Results are obtained for Kodak High Contrast Copy film
5069 processed in Kodak D-76 developer. It is concluded
that this method can be used to determine the Chemical
Spread Function of more widely used film-developer
combinations. Recommendations are made for improvement to
the method to obtain more accurate results.
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INTRODUCTION
Photographic scientists and in particular film
designers have shown much interest in predicting the
behaviour of photographic emulsions when exposed to low
frequency objects. In fact the well known concept of
modulation transfer function (MTF) is used to calculate the
chemical part of the transfer function. A method to obtain
the chemical transfer function of photographic emulsions is
described by Nelson . This method makes use of a mathemat
ical model for determining the chemical spread function
from X-ray exposures on the film under test. This method is
a good approximation and is rather complicated.
This thesis is concerned with an alternative method to
determine the chemical spread function of a photographic
emulsion. A method to directly measure the optical modula
tion transfer function (MTF ) of non-developed emulsions is
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described by Elie . Using this method together with the
effective exposure method of calculating the modulation
transfer function of processed emulsions gives us a new
approach in determining the chemical modulation transfer
function (MTF ) of most photographic emulsions. Then by
taking the inverse Fourier transform of the chemical
modulation transfer function we obtain the chemical spread
function. The calculations were made as per Appendix A.
This method is particularly useful if the photographic
material is linear. It is well known that for moderate
input modulation and relatively small gamma the photographic
material acts linearly. For small gamma the distortion is
relatively low. Non-linearity is corrected from the macro
density curve. At higher frequencies (small images) the
chemical effects result in a different characteristic curve
than at smaller frequencies. Adjacency effects generally
decrease with increased development.
The modulation transfer function of a photographic
system is equal to the product of the optical part of the
MTF and the chemical part of the MTF. This relationship
does not always hold for photographic systems since they
are not linear. However, when the measurements are taken
from the effective exposure values or the transmittance on
the non-developed emulsions the film behaves linearly.
This indeed will be the case in this experiment. We are
ready, therefore, to calculate the MTF from the above
relation using the conventional method for the MTF and
Elie's method to calculate the MTF . Hence the MTF will
be given by:
MTF.
MTF
MTF.
To ensure before the start that adjacency effects were
present, an NBS high contrast edge was exposed, developed
and scanned on the microdensitometer. An edge effect was
observed and calculated. The method of development,
identified in Appendix B, was chosen to ensure adjacency
effects were present. To this effect, the developer
solution recommended by Kodak with this emulsion was not
4
used , namely Kodak Developer D-19. In lieu of this
solution, a low activity fine grain developer solution was
used, Kodak Developer D-76 undiluted.
THEORY
In this experiment, the sinusoidal object irradiance
distribution was produced using i nterferometric techniques
The fringe pattern was read directly through a microscope
onto a radiometer or was imaged through a film and then
read on the radiometer. A description on how the fringes
were produced is hereby included.
Interferometer theory
Interference is the study of the superposition of two
waves of the same frequency traveling along different
optical paths. A coherent light source is divided into two
parts by some physical means and each part will be
recombined either to produce constructive or destructive
interference. The result is that we obtain a cosine
irradiance distribution which can be varied in frequency
and modulation. The detailed theory and the mathematical
equations associated with interference are described by
Elie . The reader is referred to this reference for a
better understanding of the concept. In this paper, we will
describe the interference system used and give the
visibility function and mathematical equation related to the
frequency. The interferometer was of the Twyman-Green type.
It consisted of a collimator, a beam splitter, two mirrors
and a collecting lens. The collimator provided a plane
wave front to the beam splitter. The light traveled
directly from the beam splitter to Mp and to the image plane
and partly through the beam splitter to M,,M2 and to the
5image plane, as indicated in Figure la by the arrows . The
collecting lens was focused onto M2 thereby making the
virtual image of the fringes a real image at th.e film plane
where it could be measured and recorded.
In a two beam interferometer the general equation
describing the irradiance at the image plane is given by:
I = (I.j + i2) (l + v Cos(A 0))
where I -, , I ?
= irradiance due to each beam,
v = fringe visibility or modulation, and;
A 0 = phase difference between the two beams
poi nt
source
-* collecting lens
/
/
/
A* H| image(film)
x plane
FIGURE la- Interferometer diagram,
v can be written as
v 2 V hh
A0
OPD
2tt
y- (OPD) where
optical path difference = Ail
The maximum value which Ail can take is given by
Ail
max AX
coherence length
The light source used in this experiment gives
Ail
max
A
546nm
lOnm
55A
which means that when A - 55A the
visibility will fall to zero within 9 fringes.
To determine the equation for the frequency we write
I = (l] + I2) ( 1 + v Cos( y- Ail ))
by expressing Cos( f-5- Ail ) as a function of x, at
the film plane, we have from Figure la,
Cos(2tl A )
A
Cos(2jrd_ )
X
Cos (2iTax)
A
a
therefore j is the relationship which describes
the fringe frequency.
f =
a
, a =
By increasing the tilt in mirror M, we
increased the frequency. Mery good quality fringes
were obtained at frequencies as low as 0.4 cy/mm.
To obtain the two lowest frequencies, the interfer
ometer was set to produce high quality fringes at
f z l.Ocy/mm. Then these fringes were magnified
using a projection lens to produce frequencies of
0.21 and 0.15cy/mm. This method allowed us to
produce high quality, very low frequency, input
modulati ons .
If the film is exposed and the transmittance
is recorded directly by scanning with the microdensi
tometer, then the output is sinusoidal and no harmonic
distortion exists. However, after development harmonic
distortions are present, and are discussed in the
following section.
Distortion is an inherent problem present in processed
photographic emulsions. Some details on this theory can
be found in Appendix C. To minimize distortion of the input
sinusoid, it is necessary to keep gamma and the percent
modulation within certain values. From Appendix C, we have:
t(x) = k QQ + Q1Cos(wx) + Q2Cos(2wx) +...
and k=h (y)
In this experiment, the gamma was kept at an average
of 0.87 while the highest input modulation was 75%.
We can therefore estimate closely the amount of distortion
present in this experiment.
We have:
Y = 0.87, and (y)
0.81
0.78
0.75
0.73
(Y)2
(y)3
(Y>4
<*>6 0.72
also, we have
F(w) = 0.75
F2(w)= 0.56
n
v (y + P. ..(v + (n-l)
n!
FJ(w)= 0.42
10
F4(w)= 0.32
F5(w)= 0.24
F6(w)= 0.18
Using the Q's formulas identified in Appendix C, we find
that
Q0 = 1.36
Q1 = 1 .00
Q2 = 0.40
therefore
t(x) = k 1.36 + Cos(wx) + 0.4Cos(2wx) + 0.1Cos(3wx)
k = h Y
o
ind k = (0.5)(0'87) = 0.55
hence
t(x) = 0.5 1.36 + Cos(wx) + 0.4Cos(2wx) + 0.1Cos(3wx)
In the case where F(w) is minimum, 52%, (from Table 2)
we find that
t(x) = 0.5 1.2 + 0.5Cos(wx) + 0.13Cos(2wx) +
0.03Cos(3wx) |
Table 6 gives the data for t(x). Figure 12 shows the
input modulation h(x), the transmission distribution
t(x) through the developed emulsion and the dotted
curye represents a true cosine distribution of the
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same frequency and amplitude as t(x). Distortion
was mostly eliminated by converting the transmittance
values obtained on the R.I.T. Ansco microdensitometer
into effective exposure values. Each MTF modulation
was calculated from its own density-log exposure
curve thereby minimizing the effect of the variability
in the gamma.
12
EXPERIMENTAL
This experiment is designed in two parts. First there
is a sinusoidal irradiance distribution object (influx
optics) formed by the interferometer and secondly there is
an image receiving and analysis area (efflux optics).
21
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FIGURE lb. Layout of apparatus used.
The layout of the apparatus is shown in figure lb
13
1 . Light source
2. Power supply
3. Heat absorbing glass
4. Objective lens
5. Pinhole
6. Wratten No. 58 filter plus
an interference filter with
lOnm bandwidth
7. Collimating lens
8. Beam splitter
9. Mirror
10. Mirror
11. Focusing lens
12. Spatial filter
13. Aperture
14. Film plane
15. Microscope
16. Photo multiplier
17. Chart recorder
The image forming section of the influx optics includes
a high pressure mercury lamp. A Kodak Wratten No. 58 filter
in series with an interference filter for the 546nm Hg line
is placed in front of the lamp. The filter transmittance
is indicated in Figure 2.
cu
o
to
+->
' 10-
cn
s-
100
FIGURE 2
Wavelength (nanometers)
Percent transmittance of Kodak No. 58
filter.
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An objective lens (4) is placed next to the source to
bring the light to a focus. A pinhole (5) is put at this
focal point to act as a new source for the collimating
lens (7). The collimated light travels through a beam
splitter (8) and is collected by another lens (11) which
images the mirror (9) to the film plane (14). Before
reaching the film plane a spatial filter (12) is used to
eliminate unwanted "orders" of interference. Finally an
aperture (13) and a shutter control the exposure at the
film plane. A microscope (15), focused on the real image
of the fringes, projects the enlarged image through a slit
onto a photo multiplier tube (16). The analysis section
(efflux optics) is mounted on a moveable stage to allow
scanning of the sinusoidal object irradiance distribution.
To change the frequency of the fringes, only one
mirror (9) must be tilted very slightly. When this is done,
then the image plane needs to be re-focused onto the mirror,
in order to maintain maximum visibility. The focusing is
done by eliminating the light source and directly
illuminating the mirror with a different source. This
procedure makes it easy to find the exact focal point of
the mirror.
At each frequency, three steps are carried out.
Without film at the film plane, the input modulation is
recorded. Then a film is inserted into the film plane and
the transmission modulation is measured and recorded.
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Finally, a second film is inserted, properly exposed,
developed, and the modulation is traced on a microdensi
tometer. The three steps are repeated to validate the data
so obtained. Once a frequency is set, the apparatus is not
disturbed at all until all three steps are completed.
Therefore, the system is constant at a given frequency.
Frequencies were obtained between 0.15 to 20 cycle/mm.
In the case of low frequencies, their periods were directly
measured at the film plane, using a ruler. At higher
frequencies, the microscope with a scale attached at the
film plane was used to determine the period approximately.
The exact frequency was calculated from the microdensi
tometer trace.
16
EQUIPMENT
LIGHT SOURCE A high pressure mercury lamp with an infrared
absorbing glass and an interference filter were used.
A Wratten number 58 green filter was used to minimize
unwanted orders of interference. The light is sufficiently
intense to be detected through the emulsion in order to
measure the optical transfer function, yet it was weak
enough to prevent the formation of photolitic silver which
would render the data unacceptable. Figure 3 shows the
transmission change over a period of time. In the time
frame measured it was very adequate to allow the reading
of the data.
o 100
to
ra
95
FIGURE 3
90
Time (seconds)
Transmission vs time test
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FOCUSING LENS A three inch focal length lens was used at
all frequencies. (For the lowest two frequencies, a two
inch lens was added to magnify the image produced by the
three i nch 1 ens) .
SHUTTER The shutter was a leaf type to control the exposure
for the sample to be exposed and developed.
FILM PLANE The film plane was locally manufactured. It
consisted of a
4" X 5" view camera back to which a
4" X 5" film holder with a 35mm window was mounted. The
film was inserted behind mounted sheets of metal. The
spacing was arranged to secure the film tightly ensuring
the focus to remain essentially the same. The film holder
was painted black to minimize reflection. It was rigidly
mounted to eliminate any vibration or movements. Figure 4
shows a schematic of the film holder.
FILM RETAINING EDGE
WINDOW
FILM RETAINING EDGE
18
J
h
Figure 4. Film Holder Design
IMAGE ANALYSIS SECTION (EFFLUX OPTICS) The image analysis
section is the same as that described by Elie. A Rolyn
microscope body is used, with a 215mm T.L. 8X Bausch & Lomb
objective and a 12. 5X eyepiece. The microscope acts as a
projector, directing the image onto the slit of the photo
multiplier at a magnification of 74. 4X. To properly focus
this microscope, a second microscope was used. The second
microscope was focused onto the film plane, from the
opposite side. Then the slit of the photomultiplier was
focused on the same film, through the travelling microscope
on the stage. The only discrepancy using this method was
that of the thickness of the emulsion (0.14mm). The entire
microscope photomultiplier system is set on a moveable
19
stage, whose lateral adjustment enables the slit to scan
the fringes at the film plane. A photomultiplier tube,
General Electric 931 A integrates the irradiance on the slit
and displays the result on a microphotometer (Aminco model
10-213). The slit width is adjusted to 0.16mm by closing
the adjustable slit onto a section of the test film. The
film thickness is then used as a reference measurement.
Because of the 74.4 microscope magnification, the effective
slit width was 2.2 ym. Correspondingly the slit width used
on the R.I.T. Ansco model 4 microdensitometer was selected
at 2.5 ym. A Varian chart recorder model G-11A was
connected to the photomultiplier to record the output
irradiance distribution.
20
ANALYSIS
Using the method described in the previous section,
Kodak High Contrast Copy 5069 emulsion was tested. Since
there are no relationships by run number between the MTF
values and the input modulation, the data was not analyzed
statistically. That is the average input modulation value
was applied to each MTF and MTF run. Thus all curves wereo c
traced from single points.
The values obtained are presented in Table 1 to Table
7. The graphical representations are illustrated in Figures
2 to 14. Figure 5 gives us the calibration curve on the
R.I.T. Ansco microdensitometer. Figure 6 shows the
relationship between the calibrated semi specular density
and the diffuse density. Figure 9 shows a sample of the
variability in the data. This analysis will first be
concerned with interpreting Figure 11, as it is all
inclusive, and then proceed to analyze the spread function
curve obtained in Figure 13. Other figures will be used as
required to amplify some details.
At low frequencies (0.15 - 2 cy/mm) the curves
(Figure 11) are reasonably close to what would be expected.
Figure 10 amplifies the film behavior very clearly at the
low frequencies. The MTFQ is fairly constant at about 100%
21
and the MTF curve reaches a maximum rapidly and decreases
as the frequency increases. Accordingly we obtain an MTF
curve very similar to the MTF curve. The fact that the
MTFQ curve reaches values in excess of 100% cannot be
realistic. However the 2% variability is expected by the
error associated with recording the modulation and taking
the average over a few cycles. The overall response of the
MTFQ is not constant. From the data points obtained a
statistical analysis was carried out to determine the best
fit curve going through the data points. Appendix D gives
the statistical method used. It was determined that a
linear fit was most appropriate. Figure 16 shows the linear
relationship between MTF and the frequency. It was
concluded that the MTF values could be higher than the ones
determined, in particular when the frequency is 10 cy/mm.
Our main area of interest was the lowest frequencies.
Because of the distribution of the data points, a second
curve was fitted to the frequencies ranging from 0.15 to
1.92 cy/mm in order to obtain a more accurate fit for that
region. The dotted line in Figure 10 shows the curve of
the mathematical fit to the data at the low frequencies.
In this case, it was also concluded that the MTF values
could be higher than the ones determined in this experiment.
The overall trend of the MTF and MTF curves was to reach
a maximum value at very low frequencies and rapidly decrease
as the frequency increased. The main area of interest here
22
was for frequencies below 2.5 cy/mm. C.N. Nelson's study
started at a frequency of 2.5 cy/mm. In this case we find
a new maximum for the MTF together with a depression region
centered at about 4 cy/mm.
Using the MTF curve of Figure 11, data point values
were extracted from 40 different frequencies and the inverse
Fourier transform taken to obtain S (x) as in Figure 13.
The first observation which can be made is that .the curve is
in fact very smooth, notwithstanding the peculiarities of
the MTF curve. A point to note is that the high response
MTF and MTF at very low frequencies do affect the S (x)
curve at large displacement values. The width of the S (x)
curve is quite large (approximately 40 ym). This is
related to the frequencies we have in that the edge effects
o
vary with the width of the image at a given density. Up to
x=25ym, the spread function curve is of the shape that would
be expected. The part beyond this is not realistic as the
curve should decrease to zero for values of x between
25-50ym. However it does not because of the lump which
exists in MTF at very low frequencies. In fact we have
that for f>10,S(x) has a Gaussian distribution for
-25< x < +25ym. For f < 10 and +25< x <-25ym,S (x) reverses
its value since the MTF corresponding to that region is
very high. Some variability is present in the data. In
fact the processing gamma did vary and so did the input
modulation. A third area of variability was in the exposure
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of the film to be developed. The exposure was set as to
produce an output modulation centered at about 1.2 to 1.4
diffuse density. Any one of the factors had a direct input
into the MTF and hence the MTF .
Even with the variability in the data, the MTF curve
indicated maximum adjacency effects at frequencies below
2 cy/mm.
24
TABLE 1. Processing data.
Frequency
(cy/mm)
.15
.21
.43
1.16
1.92
4.00
6.00
10.00
20.00
Gamma
Run 1 Run 2 Run 3
.84 .80 .76
.93 .86
.
.78
.81 .82 .81
.93 .84 .82
.82 .83 .80
.98 .89 .92
.94 .94 .94
.90 .96 .94
.92 .96 .94
+->
2.0 "
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FIGURE 5. Semi-specular density calibration,
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FIGURE 6. Semi-specular to diffuse density conversion
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TABLE 2. Optical transfer function (MTFQ) data
for test film.
Frequency Input Mo
(cy/mm)
.15 75.0
.21 75.6
.43 73.98
1.16 64.1
1.92 70.8
4.00 68.1
6.00 64.3
10.00 53.5
20.00 62.9
ut Mod(%) MTFQ(%)
70.7 94.3
77.6 102.6
76.10 102.8
59.7 93.1
71.8 101.4
56.9 83.7
58.4 90.7
33.8 63.1
57.9 92.2
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TABLE 4. MTFQ, MTF, MTFC Data for test film.
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Input Mod(%) MTF(%) MTF(%) MTF (%)
(cy/mm)
.15 75.0 94.3 80.8 85.7
.21 75.6 102.6 91.7 89.3
.43 73.98 102.8 121.0 117.7
1.16 64.1 93.1 139.2 149.5
1 .92 70.8 101.4 113.1 111.5
4.00 68.1 83.7 92.5 110.5
6.00 64.3 90.7 109.2 120.4
10.00 53.5 63.1 92.8 147.0
20.00 62.9 92.2 83.0 90.1
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100 1
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Frequency (cy/mm)
Optical transfer function (MTF ) curve for
test film.
FIGURE 7
2\W
MTF
(%)
140
120 "
100 "
80 ~
1.0
Frequency (cy/mm)
2.0
FIGURE 8, Modulation transfer function (MTF) curve for
test film.
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FIGURE 9. Chemical transfer function (MTF ) curve for
test film.
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TABLE 5. Transmission Distribution (Distortion) Data
h(x) = 1 - 0.75Cos(wx)
t(x) - 0.68 + 0.5Cos(wx) + 0.2Cos(2wx) + 0.5Cos(3ojx)
X Cos (ux) Cos(2wx) Cos(3cox) h(x) t(x)
0 1 + 1 1 0.25 1.43
tt/2o) 0 -1 0 1 * 0.48
tt/co -1 + 1 -1 1.75 0.33
3tt/2co 0 -1 0 0.48
2ir/oj 1 + 1 1 0.25 1 .43
5tt/2co 0 -1 0 0.48
3tt/oj -1 + 1 -1 1.75 0.33
7tt/2w 0 -1 0 0.48
4tt/oj 1 + 1 1 0.25 1.43
9tt/2oj 0 -1 0 0.48
5tt/o) -1 + 1 -1 1.75 0.33
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TABLE 6. Frequency,
test film.
f MTFC
0 0.90
0.5 1.24
1.0 1.46
1.5 1 .36
2.0 1.12
2.5 1.08
3.0 1 .08
3.5 1.08
4.0 1.10
4.5 1.12
5.0 1.15
5.5 1.18
6.0 1.21
6.5 1.25
7.0 1.28
7.5 1 .33
8.0 1 .38
8.5 1.40
9.0 1.42
9.5 1.44
10.0 1.45
10.5 1.45
11.0 1.44
11 .5 1.43
12.0 1.41
12.5 1.40
13.0 1.36
13.5 1.34
14.0 1.30
14.5 1.27
15.0 1.24
15.5 1.20
16.0 1.18
16.5 1.15
17.0 1.11
17.5 1.07
18.0 1.04
18.5 1.00
19.0 0.96
19.5 0.92
20.0 0.90
MTF (relative) data forc
MTF (rel ati ve)
0.01
0.35
0.57
0.47
0.23
0.19
0.19
0.19
0.21
0.23
0.26
0.29
0.32
0.36
0.39
0.44
0.49
0.51
0.53
0.55
0.56
0.56
0.55
0.54
0.52
0.51
0.47
0.45
0.41
0.38
0.35
0.31
0.29
0.26
0.22
0.18
0.15
0.11
0.07
0.03
0.01
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TABLE 7. Displacement(x) ,
S (x) data for
c
test film.
2.5
5.0
7.5
10.0
12.5
15.0
17.5
20.0
22.5
25.0
27.5
30.0
32.5
35.0
37.5
40.0
42.5
45.0
47.5
50.0
0.99
0.95
0.88
0.79
0.69
0.57
0.44
0.30
0.18
0.05
0.06
0.15
0.23
0.29
0.33
0.35
0.35
0.35
0.30
0.26
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CONCLUSION
By directly measuring the MTF and obtaining the total
MTF by the conventional effective exposure method, the
chemical part of the MTF, referred to as MTF , can be
calculated. Then by taking the inverse Fourier Transform
of the MTF , the Chemical Spread Function of Kodak High
Contrast Copy film processed in Kodak D-76 developer was
determi ned .
Using a Twyman-Green interferometer to produce the
sinusoidal object irradiance distribution, frequencies of
0.15-20 cy/mm were obtained. Good quality and moderate
contrast fringes were produced at all frequencies. It was
determined that at the very low frequencies, a maximum in
the MTF was reached followed by a depression in the curve
and then the more familiar MTF curve.
The Chemical Spread Function determined was large at
the base and followed a Gaussian distribution up to 50% of
the total spread value. Beyond these values, the spread
function did not vanish to zero but increased in value due
to the high rise and the depression area at the lowest
frequencies.
The data obtained was sufficient to show that this new
method of calculating the Chemical Spread Function may be
39
useful because of its simplicity. However the accuracy of
the data is limited because of the small number of runs
performed and the large random error.
Unfortunately the results cannot be compared as similar
functions have not been determined for this combination of
film-developer. More testing on known emulsion-developer
combinations is recommended to allow comparison of data.
It is further recommended that the gamma, the input
modulation and the film exposure be more accurately
controlled to eliminate variability in the data as much as
possible. Also each run should be carried out totally and
independently to allow a statistical analysis of the data.
This method would increase the accuracy of the whole
experiment.
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APPENDIX A
CALCULATION OF THE CHEMICAL SPREAD FUNCTION
In order to use the MTF program, the data was extracted
from the MTF curve of Figure 11. The frequency range
( .15-20 cy/mm ) was divided into equal increments of
0.5 cy/mm to ensure that the peculiarities of the curve at
low frequencies would be reflected into the final result,
the Spread Function curve S (x).
Then Table 7 was extracted. MTF was calculated toc
normalize the curve from Figure 11 such that the "cut-off"
frequency would be 20 cy/mm. Therefore the constant 0.89
was subtracted from all MTF values. Additionally, the
v-
zero frequency was assigned a MTF value of 0.90.
The data was converted from the frequency domain to the
spatial domain using the computer program mentioned earlier.
Since the "cut-off" frequency was selected to be 20 cy/mm,
the increments (Ay) in the displacement was chosen to
prevent spurious results. Thus, if the MTF is zero for all
frequencies greater than the
"cut-off" frequency (v ), the
sampling interval must be:
A * [2 vj
-1
44
Therefore we have:
f=20cy/mm, the period = 0.05mm = 50ym
which then becomes the full displacement scale of the Spread
Function. In the frequency domain, points were selected for
A frequency = 0.5 cy/mm to ensure that several points would
be taken at frequencies below 2 cy/mm since this was the
area of main concern.
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APPENDIX B
Method of Development
Devel oper :
Temperature
Agitation :
Stop bath:
Fixer:
Kodak D-76 undiluted, 10 minutes
20C - 0.5C
RIT tray rock method for the first 45
seconds, then nil agitation thereafter.
Kodak SB-1 solution, for approximately
15 seconds.
Kodak F-5 fixer solution, with agitation
for 5 minutes to 10 minutes.
Clearing agent: Kodak Hypo clearing solution HE - 1
Wash: Approximately 15 minutes in running water,
NOTE : All Kodak solutions were mixed from readily
available prepared packages.
47
APPENDIX C
DISTORTION
48
APPENDIX C
DISTORTION
A general equation to describe a sinusoidal exposure
is given by:
-(*)
= 1 - F(u) cos (wx)
where h(x) = exposure
1 = level (relative)
F(w) = input modulation
w = frequency
x = displacement across the film plane
199 lt0 log h
Log Exposure
FIGURE 14, Typical Density - Log E Curve
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The Density - Log exposure curve is shown in Figure 14
For the linear portion of the curve, we have:
D = y I log(h) - log(ho)|
= log( )Y = l0g(l)
o
L
where t is the transmittance. Therefore,
1 = (*. y
h
o
Y h"Y
t
f.) t - hT h
'[t
= h_r 1 - F(w) cos {idx3 Y
let h Y = k
o
then t = k 1 - F(w) cos (wx) "Y
now, 1 - F(w) cos (wx)
is an infinite power series and therefore t can be
expressed as ,
00
t = k z (y) Fn(u) cosn(wx)
n = o
= k 1 + yF(w) cos (wx) + y^j1^ F2(w) cos2(wx) +
Each term in this series can be expanded into a
Fourier series.
Generally we have,
COSn(wx) =
(l)n
(einwx)
(He-2iwx)n
50
/ 1 \ n i nwx(2") e = (,) e
J = o
n, -2iwJx
n
(l)n 'i (") eiwx(n-2J)
C. -t -1J = 0
hence
t = k I I Oo)" O (Y)n Fn(w)eiwx^-2J)
n=o J=o
n
(D
This is an infinite series. If F(w) is small, then the
series will terminate rapidly. In order to find the effect
of Fn(w) on distortion we need to expand (1) into an
infinite series. From equation (1), we will calculate the
values of the summation for n = 0 , 1 , 2 , 3 , 4, 5 and 6
and then collect the terms.
n = 0
51
O (Y)0 F(w),J = o
i wx ( o - o )
n = 1
I (.1) <Y>, f^b).1""'1-")
J = o
(l)(J)(Y)1F1(a))eiwX(1-) + (^(])(Y)1F1(w)eiwx(1-2)
= \ (Y) F(w)eiwx + 1 (y) F(w)e-iwx
=
j (Y) F(w)
yu>* , -iwx
e + e
= 4- (y) F(w) 2*coswx
= y F(w) coswx
We have
22
E
J = 0
(1) (2) (Y), F2(U)e1"x<2-2J2' >J' >"2
(l)2(2)(Y)2F2(M)e-X(2) +
(^2(^)(Y)2F2Me1WX(2-2)
?
(l)2(2)(Y)2F2(7)e-X<2-4)
52
= (Y)2 2
(Y)2F2(w)e
1\ i..s r-2/..x.-2iwx+ (?) (Y)2F^(w)e
2
= (^)"(Y)2F2(w)
= (?) (y)2f2(w)
= \ (y)2F2(o))
Q2iwx, 0 , -2iwxe + 2 + e
2 cos 2wx + 2
cos 2wx + 1
_i
n = 3
We have
(7) (j).(y
J = o
= () (Y)3F3(o)
+ () 3(Y
= {\) (Y)3F3(o)
= () (Y)3F3(o)
= [\) (Y)3F3(o)
[e3iux+ 3eiwX+ 3e~Ux + e"3iwx]
2 cos 3wx + 6 coswx
cos 3wx + 3 coswx
n = 4
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We have
v t*\ i \ c4/
- 1wx(4-2J)2 (2") (j) (y)4F (w)e
j = o
f]\ t \ c4/ s4iwx,/lx ./ \ c4/ \Q2iwx("2") (y)4f (w)e +(2") 4(y)4F (w)e
+ (j) 6(Y)4F4(w)e + (f) 4(Y)4F4(w)e"2i.
4
/lw \ c4/ \ -4iwx+ (2) (y)4F (w)e
2iwx
= () (y)4F4(o))
1 4 4
= (^) (y)4f4U)
e4iwx+ 4e2iwx+6
+4e-2iwx+g-4iwx
2 co
= (^)3(y)4f4(o)) ko
s 4wx + 8 cos2wx +6|
s 4wx + 4 cos 2wx +:
n = 5
We have
J = o
(5, <T)5FB(U).1X<5-2J>
+ (?) 10(Y)5F5(W)eia)X+(i)
lO^^Me"1 wx
1> '"M'5'
+
(l)55(Y)5F5(co)e-3iwX+(l)5(Y)5F5(.)e-5iwX
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= (?) (Y)5F5(w) ["wx+5e3iwx+10eiwx+10e-iwx+5e-3iwx
-5i wx
+ e
= (?) (y)5f5(
= (?) (Y)5F5(w)
w) 2 co
co
s 5wx +10 cos 3wx +20 coswx
s 5wx + 5 cos 3wx +10 coswx
n = 6
We have
I <> (Y)^(co)ei-(6-2J>
J = o
4i wx
(l)6(Y)6F6(co)e6i-+(l)66(Y)6F6(W)e4-x
+
(l) 15(Y)6F6(<,)e2iwX+(l)6(20)(Y)6F6(aJ)e6
+ (l)615(Y)6F6(w)e-2iuX+(l)66(Y)6F6(w)
+
a)6(Y),F6(w)e-6i-
= (1)6(Y)6F6(<~)
["e61wX + 6e4i"x+15e2iwX+20 +15e"2iwx
+
6e-4ia)X
+ e-6iwxj
= 0?) (y)6f6U)
= (iMY)6F6U)
2 cos 6wx + 12 cos 4wx +30cos2wx +20
cos6wx + 6 cos4wx + 15 cos2wx +10
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Substituting each equation we found for n, into (1) we get:
t = k 1 + yF(w)coswx + (^-)(y)2F2(w) { cos 2wx + 1 j-
) (y)3F (to) j cos 3wx + 3 coswx J.
) (y)4F4(w) J cos 4wx + 4 cos 2wx + 3 J
) (y)5F5(co) 1 cos 5wx + 5 cos 3wx +10 coswx >
) (y)6F6(w) 1 cos 6wx + 6 cos 4wx + 15 cos2wx [
+10 + ...
Collecting term by term, for each frequency, we get:
3 -,5
~"
Y (
+ (1)
+ (1)
+ (1)
+ (1)
t = k [|l + \ (Y)2F2(W) + 3 (1) (Y)4F4(w) + 10 (1) (Y)6
F(w) + ...
2
+ /TF(w) + 3 (\) (y)3F3(<o) + 10 (1) (y)5F5(o>) + ...
coswx f
3 5
+ j (})(Y)2F2(w) + 4 (1) (y)4F4M + 15 (1) (y)6F6(o))
+ ... \ cos 2wx
+ i (1)2(y)3F3((~) + 5 (\) (y)5F5(<o) + | cos 3wx+...
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by definition, Q is coefficient of cos(owx)
Q is coefficient of cos(nwx)
n
3 5
V ] + (1)(Y)2F2(W) + 3(1) (Y)4F4(co) + 10(1) (Y)6F6(to) +
Q1= YF(u) + 3(1) (Y)3F3(w) + 10(1) (y)5F5(co) +...
3 5
Q2= (^)(Y)2F2(w) + 4(1) (Y)4F4(to) + 15(1) (Y)6F6(w) +...
therefore,
t(x) s k |Q0 + Q- cos(wx) + Q2 cos 2wx +... j
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APPENDIX D
STATISTICAL ANALYSIS OF THE MTFQ DATA
A statistical analysis was carried out to determine the
best fit curve for the MTF over the frequency range covered,
In this report, it will suffice to present all the
statistical data as per the following tables. The method of
g
calculation is amplified in the reference manual.
First we will determine if the data can be fitted to a
linear, quadratic or cubic function model.
We have:
TABLE 8. Data from the Experiment.
repl icate
Frequency a b c Ti. Mean
.15 103.3 102.5 101.7 307.5 102.5
.21 103.7 103.0 102.7 309.4 103.1
.43 104.5 101.9 102.1 308.5 102.8
1.16 91.1 91.4 90.7 273.2 91 .1
1.92 94.3 95.4 97.7 287.4 95.8
4.0 78.4 81 .9 82.9 243.2 81.1
6.0 91.1 86.0 87.3 264.4 88.1
10.0 57.0 62.7 57.3 177.0 59.0
20.0 95.1 87.9 87.1 270.1 90.0
T.j 815.5 812.7 809.5 2440.7
Mean 90.9 90.3 89.9
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TABLE 9. Summary ANOVA
Source
frequency
error
total
SS
4713.2
96.9
4801.1
v
8
18
26
MS
589.15
5.4
Calculated
F ratio
109.1
Table
F ratio
2.5102
and SST EX'
EX'
225440.37 (2440.7)
27 4810.1
SSR
(Ti.)2 (T..)2
n.
"
n
=
j (676030.47)
- (220630.2) - 4713.2
SSE = SST - SSR = 96.9
Analysis of variance
2
v A
Hi: f > e
a 0.05
8,18,05 in Table 4 = 2.5102
2
"?.
589.15 109.1
5.4
therefore reject H
therefore the frequency has an effect on the response
variable (MTFQ).
TABLE 10. Linear, quadratic, cubic coefficients
60
1 -8 8.5 -2
2 -6 3.4 0
3 -4 -1.6 2
4 -2 -6.6 1
5 0 -6.6 0
6 2 -6.6 -1
7 4 -1.6 -2
8 6 3.4 0
9 8 8.5 2
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We apply the coefficients for n=9 to the Ti value of each
frequency.
TABLE 11. Applied coefficients and coefficient products.
fre
quency
total
Ti L
coefficient
Q C L
product
Q C
.15 307.5 -8 8.5 -2 -2460.0 2613.7 -615.0
.21 309.4 -6 3.4 0 -1856.4 1051.9 0.0
.43 308.5 -4 -1.6 2 -1234.0 - 493.6 617.0
1.16 273.2 -2 -6.6 1 - 546.4 -1803.1 273.2
1.92 287.4 0 -6.6 0 0.0 -1896.8 0.0
4.0 243.2 2 -6.6 -1 486.4 -1605.1 -243.2
6.0 264.4 4 -1.6 -2 1057.6 - 423.0 -528.8
10.0 177.0 6 3.4 0 1062.0 601.8 0.0
20.0 270.1 8 8.5 2 2160.8 2295.8 540.2
divisor 240X3 303.4X3 18X3 1330.0 341.6
Linear SS
Quadratic SS =
Cubic SS
(-1330T
240X3
341.6
303.4X3
(43. 4)2
18X3
2456.8
0.375
34.88
43.4
We prepare the following ANOVA table:
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TABLE 12. ANOVA - curve fitting.
Source
1 i near
quadratic
cubic
error
total
SS
2456.8
0.375
34.88
2318.0
4810.1
1
1
1
23
26
MS
2456.8
.375
34.8
100.7
Calculated Table
F ratio F ratio
24.4
.0037
.345
4.2793
Fl ,23,05 = 4.2793
Therefore, the linear fit is the best one,
The equation will be of the form
Y = bn + bnXo 1
where
EXi^
EYi - EXiEXiYi
nEXi2-
(EXi)2
= 95.4
b =
nEXiYi - (EXi) (EYi) = _] 0;
nEXi (2X1)
Y = -1.02X + 95.4.
Figure 16 shows the graph of this function
TABLE 13. Mathematical fit-data
(0.15-20.0 cy/mm).
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xi Y. X.Y. x.z1 i 1 1 l
.15 103.3 15.495 .0225
.15 102.5 15.375 .0225
.15 101.7 15.255 .0225
.21 103.7 21.777 .0441
.21 103.0 21.63 .0441
.21 102.7 21.567 .0441
.43 104.5 44.935 .1849
.43 101.9 43.817 .1849
.43 102.1 43.903 .1849
1.16 91.1 105.616 1.3456
1.16 91.4 106.024 1.3456
1 .16 90.7 105.212 1.3456
1.92 94.3 181.056 3.686
1 .92 95.4 183.168 3.686
1.92 97.7 187.584 3.686
4.0 78.4 313.6 16.0
4.0 81 .9 327.6 16.0
4.0 82.9 331 .6 16.0
6.0 91.1 546.6 36.0
6.0 86.0 516.0 36.0
6.0 87.3 523.8 36.0
10.0 57.0 570.0 100.0
10.0 62.7 627.0 100.0
10.0 57.3 573.0 100.0
20.0 95.1 1902.0 400.0
20.0 87.9 1758.0 400.0
20.0 87.1 1742.0 400.0
131 .61 E2440.7 110843. 7 El 671 .84
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A statistical curve was then fitted to the frequencies
ranging from 0.15 to 1.92 cy/mm. A second order, one
variable curve model was chosen because of the obvious trend
in the data points.
The general equation is of the form:
b0 + b,X, ?
b,,X<
Xo - !
where
(E X^)(E XQY) - (E XQX12)(E X^Y)
(2 X02)(E x/) - (E
X^2)2
E X.,Y
E X,
n
(E XQ2)(E X^Y) - (E XQX12)(E XQY)
(E XQ2)(E x/) - (E XQX12)
TABLE 14. Mathematical fit-data (.15-1.92 cy/mm).
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xl Y A X4Xl X]Y 2X^Y
.15 103.3 .0225 .005 15.495 2.324
.15 102.5 .0225 .005 15.375 2.306
.15 101.7 .0225 .005 15.255 2.288
.21 103.7 .0441 .0019 21.777 4.573
.21 103.0 .0441 .0019 21.63 4.542
.21 102.7 .0441 .0019 21 .567 4.529
.43 104.5 .1849 .0341 44.935 19.322
.43 101.9 .1849 .0341 43.817 18.841
.43 102.1 .1849 .0341 43.903 18.878
1.16 91.1 1 .3456 1.810 105.616 122.584
1.16 91 .4 1.3456 1.810 106.024 122.987
1.16 90.7 1.3456 1.810 105.212 122.045
1.92 94.3 3.686 13.589 181 .056 347.589
1.92 95.4 3.686 13.589 183.168 351 .644
1.92 97.7 3.686 13.589 187.584 360.122
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From the previous equation and the preceding
table, we find that:
b_ = 101.36
7.1
bn = -2.19
hence the equation is,
2.19X2 + 7. IX + 101.36
and we have,
.15 102.37
.21 102.75
.30 103.29
.43 104.0
.70 105.0
1.16 106.64
1.50 107.0
1 .92 106.9
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Correlation coefficient
The correlation coefficient is calculated to determine the
degree of association of the two variables
( frequency - MTF ).
we have:
TABLE 15. Correlation coefficient data.
X1Y1
1
1
1
1
1
1
4
4
4
6
6
6
10
10
10
20
,15
,15
,15
,21
,21
,21
,43
,43
,43
,16
,16
.16
92
92
92
0
0
0
0
0
0
0
0
0
0
20.0
20.0
103.
102.
101.
103.
102.
103.
104.
101 .
102.
91.
91.
90.
94.
95.
97.
78.
81 .
82.
91 .
86.
87.
57.
57.
62.
95.
87.
87.
36.
36.
36.
100.
100.
100.
400.
400.
400.
0225
0225
0225
0441
0441
0441
1849
1849
1849
3456
3456
3456
686
686
686
0
0
0
0
0
0
0
0
0
0
0
0
131.61 2440.7 1671.84
10670.8
10506.25
10342.8
10753.6
10547.29
10609.0
10920.25
10383.61
10424.41
8299.21
8353.96
8226.49
8892.49
9101
9545
6146
6707
6872
8299
7396.0
7621.29
3249.0
3283.29
3931 .29
9044.01
7726.41
7586.41
225440.1
16
29
56
61
41
21
15
15
15
21
21
21
44
43
43
105
106
105
181
183
187
313
327
331
546
516
523
570
573
627
1902
1758
1742
.495
.375
.255
.777
.567
.63
.935
.817
.903
.676
.024
.212
.056
.168
.584
.6
.6
.6
.6
.0
.8
.0
.0
.0
.0
.0
.0
10843.7
71
r i .-
E <X1 " XHY1 " Y)Correlation coefficient = r = '
VE(X1 - X)2 E(Y1 - Y)2
vn2where e (X, - X) = e X, - (eX,)
S (Y] -
Y)2
= E
Y,2
- (SY,)
therefore
2 (X1 - X)(Y 1 Y) = E X^ SX]ZY1 1053.35
E (X.
X)2
1030.31
On 2E (Y] Y) 4809.85
hence r = -1053.35 0.473
V(1030.31 ) (4809.85)
From Table 5 in the reference, we find that the correlation
coefficient is significant, which means that there is a
relationship between the MTFQ value and the frequency.
